
























detected inwinter (October to February) and lowest in summer (May to September). Throughmultivariate






















Polycyclic aromatic hydrocarbons (PAHs) are potent atmo–
sphericpollutantsthatformwhentwoormorebenzeneringsfuse
together(Liuetal.,2007;HaritashandKaushik,2009)astheresult
of the incomplete combustion of organic matter arising from




linked to several health risks, being classified as mutagens or
carcinogens (Petry et al., 1996; WHO, 2003; ATSDR, 2009),
according to the International Agency for Research on Cancer
(IARC,2008).

PAHs undergo degradation and several reactions (photo–
chemical,with volatile co–pollutants,etc. (Kakimotoetal.,2001;
Mietetal.,2009) togive rise tosubstitutedPAHs.Hydroxy–PAHs
(OH–PAHs) are generally less volatile than the parent PAHs and
tend to bemore particle associated (Vione et al., 2004). In the
atmosphere, OH–PAHs can be produced as a result of direct
emission, e.g. combustion sources, diesel engines, and/or
formation in theatmospherebyphoto–oxidationofparentPAHs
(Atkinson et al., 1987; Atkinson and Arey, 1994;Mallakin et al.,
2000).OH–PAHscanbe formed throughhydroxylradicaladdition






nitro–andoxy–PAHshavebeen foundatpgm–3 levels (Galceran
andMoyano,1995;Galceranetal.,1995;Kishikawaetal.,2004;
Wang et al., 2007). Hydroxy–PAHs seem to show greater cyto–
toxicity than their parent PAHs because they can form adducts
withDNA (Finlayson–PittsandPitts,2000;Romanoffetal.,2006;
Umbuzeiroetal.,2008;DongandLee,2009;Hayakawa,2009). In
addition,OH–PAHs canactasestrogen receptorsand showboth
estrogenicandanti–estrogenicactivitybecauseof theirstructural
similarities to steroid hormones (Tran et al., 1996;Hirose et al.,
2001).Further,asestablishedmetabolitesofPAHs,OH–PAHssuch




(Xu et al., 2004; Romanoff et al., 2006;Mattarozzi et al., 2009;
Rossellaetal.,2009;Wengeretal.,2009).

Among the fewattempts todetermineOH–PAHs inairborne
particles,methods such as gas chromatography (GC) withmass
spectrometry (MS) (Galceran et al., 1995;Romanoffet al.,2006;
Wang et al., 2007;Mattarozzi et al., 2009) or electron capture
(ECD)havebeensuccessful(Galceranetal.,1995).However,high–
performance liquid chromatography (HPLC) has only rarely been
usedwithECD(GalceranandMoyano,1995). HPLC/FLseparation
procedures (Kishikawa et al., 2004) are usually sensitive and
selectiveanddonotgenerallyrequireapreliminaryderivatization
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of 12min. When methanol/water was used, the method’s
sensitivity for detecting 1–OHPYR increased considerably, yet
sensitivitytowards2–OHPHwasreducedandtheanalysistimewas
lengthened to 17min. Finally, we tested the use of the phase
acetonitrile/water, 60/40 in isocraticmode, adding as buffer 1%
aceticacid(99.8%)toadjustthepH,andmanagedtoimprovethe






Calibration curves were prepared with OH–PAHs standards.
Limits of detection, calculated as three times the standard
deviation obtained for the blank, were 1.0ngmL–1 for both
1–OHPYRand2–OHPHcoveringthelineardynamicrangeof5.0to





The filters were cut into small pieces to extract the
compounds by low–temperature USE in closed containers
containing10mLofmethanol(30min).Anotheradvantageofthe
proposedmethodisthattherearenoanalytelossesduringsample




After the sampleswere left to stand for15min ina freezer,
the extracts were filtered (PTFE, 0.22μm) and the solvent was
evaporated under a nitrogen flow. Finally, the extractswere re–
suspended in 1.0mL ofmethanol and directly injected into the
HPLC system. Field blank filters were subjected to the same
proceduretoconfirma lackofsignificantcontamination.Figure2
represents typical chromatogramsobtained for theextracts from
airborneparticulatesandstandard.

Due toa lackofreferencematerials,and inorder toconfirm
each peak in the chromatograms for the extracts from airborne
particulateselutedatthesametimeofthecorrespondingstandard





Figure 2. Typical chromatogramsobtained for the extracts fromairborne
particulatesandcalibrationstandard.
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The proposedmethodwas used to determine the twoOH–
PAHsinairborneparticulatemattersamplescollectedoverayear.






In literature, there are not any studies conducted in Spain
about the annual evolution of OH–PAHs and their relationwith
meteorologicalfactorsandotherairpollutants.Ingeneral,theOH–
PAHconcentrationspresentedinthispaperareingoodagreement
to those reportedbyotherauthors (GalceranandMoyano1995;









Sample Date 2–OHPH 1–OHPYR T P RH SR PM2.5 PM10 O3 NO NO2 N2Ox SO2
1 28/01/2008 180.2 83.5 9.6 936.2 52.6 136.0 24.9 40.3 8.2 143.9 123.3 267.2 26.0
2 30/01/2008 115.9 66.7 8.8 933.7 55.3 124.4 28.0 51.8 10.6 149.2 126.1 275.3 26.4
3 05/02/2008 144.7 43.0 7.2 931.8 78.9 124.6 20.6 32.9 12.6 91.6 89.9 181.5 13.7
4 07/02/2008 244.1 13.5 12.1 936.7 60.5 146.1 15.9 22.7 18.7 81.5 93.2 174.7 19.6
5 13/02/2008 43.1 17.7 8.4 931.1 54.2 91.7 12.1 11.6 39.2 16.3 67.0 83.3 17.7
6 20/02/2008 136.8 44.5 11.7 926.6 80.2 80.0 19.4 22.0 12.6 71.3 90.7 161.9 11.5
7 28/02/2008 59.6 16.8 12.6 928.2 70.9 111.9 15.4 20.1 15.2 69.6 84.3 153.8 11.4
8 03/03/2008 46.8 14.8 14.4 926.0 54.6 178.3 15.8 40.5 28.9 69.9 73.2 143.2 14.6
9 11/03/2008 89.1 29.8 15.1 924.1 49.0 165.0 11.2 18.7 40.6 28.7 48.7 77.3 9.0
10 17/032008 27.9 7.1 13.0 921.2 48.7 161.5 12.3 27.6 34.8 36.6 70.1 106.6 10.8
11 25/03/2008 28.9 8.0 12.5 922.1 48.1 184.8 12.0 20.6 38.8 42.8 66.9 109.7 9.9
12 02/04/2008 47.6 24.5 16.7 932.4 47.0 220.4 9.1 17.4 34.5 28.3 54.8 83.1 9.7
13 15/04/2008 46.7 17.8 14.0 926.8 39.1 224.5 10.6 22.5 42.9 20.9 74.3 95.2 9.6
14 22/04/2008 35.5 8.5 13.9 923.9 50.6 240.0 11.7 22.4 42.3 29.3 63.9 93.2 7.5
15 29/04/2008 33.0 1.7 14.7 918.4 40.1 264.5 13.0 22.3 53.2 29.0 63.2 92.2 7.7
16 06/05/2008 21.1 8.2 22.5 923.3 42.1 198.0 16.0 36.6 40.3 19.1 68.9 88.0 8.3
17 12/05/2008 19.0 4.1 17.2 921.0 57.9 175.1 16.0 36.6 40.3 19.1 68.9 88.0 8.3
18 21/05/2008 27.1 6.6 17.2 921.0 57.9 175.1 16.8 25.2 23.9 44.8 75.7 120.5 8.4
19 29/05/2008 23.9 5.4 15.4 920.6 58.6 194.0 11.1 17.0 45.8 33.4 66.2 99.5 7.8
20 03/06/2008 19.6 5.2 18.9 925.7 45.0 247.3 11.6 14.7 56.9 7.2 44.7 51.9 7.1
21 12/06/2008 39.9 6.5 20.8 927.1 48.7 272.9 16.0 19.8 53.3 13.1 40.8 53.9 9.3
22 18/06/2008 36.3 6.9 22.8 925.4 41.6 315.3 15.3 27.0 45.5 21.3 69.3 90.6 10.1
23 26/06/2008 22.3 6.2 28.5 926.2 39.3 304.7 25.8 43.8 58.4 9.4 80.8 90.1 10.5
24 01/07/2008 20.8 6.5 28.1 923.9 32.3 305.7 19.8 37.6 54.1 13.1 86.4 99.4 10.9
25 09/07/2008 24.8 7.2 26.3 926.0 35.5 307.8 19.6 37.5 35.7 23.6 97.1 120.7 11.2
26 17/07/2008 22.6 6.4 25.9 926.1 40.8 282.7 18.6 32.7 54.1 10.4 76.8 87.1 11.0
27 22/07/2008 19.4 5.1 27.4 928.0 27.2 301.3 14.2 26.1 68.8 5.2 60.2 65.4 10.2
28 31/07/2008 28.1 6.3 27.1 925.4 30.0 283.6 17.0 31.7 40.3 24.5 79.7 104.2 10.8
29 06/08/2008 21.4 5.0 29.8 922.0 31.7 266.7 16.2 35.3 45.5 25.4 81.1 106.5 11.4
30 12/08/2008 17.9 4.9 24.2 918.3 53.1 260.6 6.7 14.8 32.5 18.1 36.0 54.1 10.2
31 20/08/2008 9.6 3.5 24.8 925.0 38.5 268.2 14.4 25.1 53.3 8.1 53.8 61.8 10.4
32 28/08/2008 24.1 5.2 27.4 926.2 44.4 228.9 14.6 24.6 43.7 9.5 54.6 64.1 10.7
33 02/09/2008 13.8 4.7 24.9 924.5 41.1 229.2 14.9 28.4 28.9 43.3 83.4 126.7 12.3
34 11/09/2008 13.6 4.8 22.3 922.5 50.0 217.2 13.7 26.5 22.4 44.5 60.9 105.4 11.8
35 17/09/2008 45.4 6.6 22.2 921.3 39.3 217.7 22.3 35.6 20.4 47.4 105.2 152.6 13.2
36 25/09/2008 13.6 5.4 17.5 927.2 44.0 200.8 13.9 20.5 47.9 6.6 47.7 54.3 10.7
37 30/09/2008 58.7 6.9 18.8 926.5 43.8 191.4 16.3 24.2 44.1 14.4 72.9 87.3 12.1
38 09/10/2008 82.9 16.8 14.7 929.1 44.0 166.4 8.3 10.3 40.5 7.1 33.7 40.7 11.3
39 16/10/2008 11.5 4.5 18.1 928.7 62.6 136.4 27.3 54.0 8.9 76.3 98.9 175.2 14.6
40 23/10/2008 98.6 21.3 12.1 927.7 46.0 95.8 11.4 23.0 41.0 25.3 52.0 77.2 14.6
41 29/10/2008 52.8 12.0 8.2 918.0 53.5 139.5 8.6 16.2 38.2 38.8 59.5 98.2 13.7
42 06/11/2008 104.1 45.7 9.5 926.8 69.3 109.1 19.6 18.3 15.3 80.4 85.1 165.5 16.1
43 12/11/2008 72.8 17.7 7.6 932.5 65.1 94.3 14.3 11.8 18.4 51.9 73.5 125.4 13.5
44 20/11/2008 156.4 72.6 9.9 930.1 59.3 113.4 12.3 9.9 34.4 26.2 50.6 76.8 16.7
45 24/11/2008 24.0 6.0 9.9 930.1 59.3 113.4 12.3 9.9 34.4 26.2 50.6 76.8 16.7
46 04/12/2008 38.9 14.4 6.9 920.1 87.7 34.5 17.9 20.4 17.9 86.7 79.6 166.3 15.7
47 18/12/2008 188.6 60.6 7.6 928.6 71.1 95.1 24.9 25.9 8.6 135.7 105.8 241.5 22.2
48 22/12/2008 247.3 121.0 8.7 935.2 58.4 100.8 30.2 40.0 6.7 207.3 135.1 342.4 39.5
49 07/01/2009 75.9 51.1 2.5 919.4 45.3 109.1 8.7 7.1 38.8 14.6 47.6 62.3 15.9
50 14/01/2009 140.9 53.5 2.8 926.6 91.4 45.5 26.7 22.6 9.4 105.0 106.7 211.6 17.0
51 21/01/2009 33.0 9.2 5.2 920.6 49.3 104.7 8.8 10.7 44.4 34.5 60.5 95.0 12.3
52 28/01/2009 13.2 3.1 10.8 924.7 84.5 90.4 9.8 10.8 29.3 37.9 49.9 87.7 12.7
53 11/02/2009 78.7 23.1 8.7 930.9 49.4 90.4 12.6 11.9 35.2 42.2 63.4 105.6 12.7
54 19/02/2009 118.4 36.0 10.2 925.8 50.0 150.0 17.2 28.8 15.7 90.2 104.1 194.2 25.2




Figure4 shows the seasonalvariationproduced in themean
1–OHPYR and 2–OHPH concentrations recorded for eachmonth
throughout the year. It may be noted that 1–OHPYR concen–
trations were higher in winter (13.6–65.3pgm–3, average
33.7pgm–3) than summer (4.6–16.9pgm–3, average 7.6pgm–3)
and 2–OHPH values showed the same variation (winter 48.2–









The covariance matrix with the 13analyzed variables was
constructedusingnormalizeddataand, therefore, coincideswith
the correlation matrix (Table 3). Several clear atmospheric–
 Barradoetal.–AtmosphericPollutionResearch3(2012)81Ͳ87 85
chemical relationships could be readily inferred including  high
positive correlation (values in bold, r=0.267 to 0.918) between
1–OHPYRand2–OHPH,andbetweenthetwocompoundsandNO,
NO2,N2Ox and SO2 levels alongwith atmosphericpressure, solar
radiation, etc. The highest correlation was the one observed
betweenthelevelsofthetwocompounds.Positivecorrelationwas
detected between the OH–PAHs and the nitrogen and sulfur
oxides,while increases inozone, temperatureandradiationwere
linkedtoareductioninhydroxylateconcentrations.Thesefindings
seem to confirm the conclusions drawn about the formation of
hydroxylated compounds in the atmosphere via photochemical
reactions.Moreover,thepurportedrelationshipbetweenairborne
OH–PAH in fine particulate matter and estrogenic activity
emphasizes the potential interest of yearlymonitoring of these
compounds. The Bartlett chi–squared statistic of Bartlett's
sphericitytestwas1117.6(thecriticalvalueis99.6for78degrees
offreedomatthe95%significancelevel,p=0.000),indicatingthat
the variables examined are not orthogonal but correlated.  This
means that data variability could be explained with a lower
numberofvariables(orprincipalcomponents,PC).





and new factors (PCs) were obtained by linearly combining the
original variables. PCs with eigenvalues greater than 1must be
preserved tocomprehend theunderlyingdatastructure (Jackson,
1991).Inourcase,therewerethreesuchPCs,whichareshownin
Table 4. PC1 is able to explain 56.7% of the variance andmost
variables contributed to this component, although temperature,
solar radiation and O3 did so in a positive manner and the
remaining factors, i.e., the indicators of chemical pollution
contributed negatively to this component. Accordingly, this
componentcouldbeassignedthe“chemicalpollution”effect.The













positiveornegative)according to the timeof theyear theywere
collected.

This figure complements in two dimensions the seasonality
results observed before in Figure 4. It canbe seen that samples
showingthegreaterOH–PAHconcentrations, i.e.,samples1,2,3,
4,6 corresponding to January and February and samples42,44,
47,48(off–scale),50and54,obtainedinNovemberandDecember
appear grouped in the left quadrants,while sampleswith lower
concentrations appearmore towards the right.  Itmay also be





Through cluster analysis, a dendrogram was produced
clustering the variables (Figure6a).Confirming the resultsof the
factor analysis, we observed a cluster including the “seasonal“
factorsozone, temperatureand solar radiation.1–OHPYRand2–
OHPHappearedinthesamegroupclosetoanothergroupwiththe






Ward method and Euclidean distances, the same four clusters
appeared (Figure6b). These clusterswerepractically identical to
theonesprovided inFigure5.Thus, to the left (group1)appear
the samples most affected by the OH–PAHs and the chemical
pollutants.Itmayalsobeobservedthattheleastpollutedsamples




 2–OHPH 1–OHPYR T P RH SR PM2.5 PM10 O3 NO NO2 N2Ox SO2
2–OHPH 1            
1–OHPYR 0.834 1           
T –0.559 –0.555 1          
P 0.620 0.524 –0.229 1         
RH 0.418 0.365 –0.676 0.173 1        
SR –0.532 –0.518 0.882 –0.267 –0.782 1       
PM2.5 0.428 0.492 0.010 0.398 0.228 –0.105 1      
PM10 0.047 0.122 0.384 0.151 –0.192 0.291 0.758 1     
O3 –0.619 –0.592 0.559 –0.367 –0.686 0.679 –0.511 –0.212 1    
NO 0.745 0.778 –0.524 0.458 0.529 –0.548 0.683 0.379 –0.837 1   
NO2 0.539 0.551 –0.172 0.377 0.225 –0.220 0.854 0.673 –0.668 0.812 1  
N2Ox 0.703 0.730 –0.419 0.449 0.441 –0.452 0.778 0.504 –0.813 0.977 0.918 1 









Variable PC1 PC2 PC3
2–OHPH –0.828 0.147 –0.379
1–OHPYR –0.837 0.084 –0.335
T 0.602 –0.713 –0.039
P –0.571 –0.067 –0.589
RH –0.581 0.540 0.442
SR 0.650 –0.666 –0.173
PM2.5 –0.694 –0.597 0.160
PM10 –0.315 –0.868 0.209
O3 0.861 –0.128 –0.299
NO –0.961 –0.083 0.085
NO2 –0.803 –0.492 0.160
N2Ox –0.947 –0.238 0.116
SO2 –0.866 –0.059 –0.250
   
Eigenvalue 7.374 2.713 1.097




A simple and sensitive analyticalmethod with HPLC–FDL is
proposedtodeterminetheOH–PAHs,1–hydroxypyrene(1–OHPYR)





several statistical tools, this behavior was confirmed and
correlations identified between 2–OHPH and 1–OHPYR concen–
trationsandthoseofchemical factors,mainlynitrogenandsulfur
oxides, involved in photochemical reactions.  In contrast, as
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